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Abstract
Background: Studies of mate choice in anuran amphibians have shown female preference for a wide range of male traits
despite females gaining no direct resources from males (i.e. non-resource based mating system). Nevertheless, theoretical
and empirical studies have shown that females may still gain indirect genetic benefits from choosing males of higher
genetic quality and thereby increase their reproductive success.
Methodology/Principal Findings: We investigated two components of sexual selection in the Moor frog (Rana arvalis), pre-
copulatory female choice between two males of different size (‘large’ vs. ‘small’), and their fertilization success in sperm
competition and in isolation. Females’ showed no significant preference for male size (13 small and six large male
preferences) but associated preferentially with the male that subsequently was the most successful at fertilizing her eggs in
isolation. Siring success of males in competitive fertilizations was unrelated to genetic similarity with the female and we
detected no effect of sperm viability on fertilization success. There was, however, a strong positive association between a
male’s innate fertilization ability with a female and his siring success in sperm competition. We also detected a strong
negative effect of a male’s thumb length on his competitive siring success.
Conclusions/Significance: Our results show that females show no preference for male size but are still able to choose males
which have greater fertilization success. Genetic similarity and differences in the proportion of viable sperm within a males
ejaculate do not appear to affect siring success. These results could be explained through pre- and/or postcopulatory choice
for genetic benefits and suggest that females are able to perceive the genetic quality of males, possibly basing their choice
on multiple phenotypic male traits.
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Introduction
When Andersson reviewed the field of sexual selection in animal
and plants more than 15 years ago, female mate choice had
already been confirmed in more than 150 taxa on more than 30
male traits [1]. These demonstrations represent underlying
selection, directly or indirectly, on virtually every sensory system,
from vision and hearing, to smell and perception of vibrations.
Nevertheless, despite the plethora of demonstrations of female
mate choice, we are sometimes still surprised at females’ ability to
detect subtle male traits and fine-tune their investment patterns
into fitness benefits. For example, experimental reduction of male
attractiveness via manipulation of UV-reflecting traits in European
Blue tits (Parus major) resulted in females associating with
manipulated males overproduce daughters [2]. Similarly, when
females of the polymorphic Gouldian finch (Erythrura gouldiae) are
presented with genetically more incompatible partners of alterna-
tive morphs, they overproduce the homozygous sons that will limit
production of genetically compromised heterogametic daughters
[3]. Thus, females can base their choice of potential mates on
subtle male characteristics and there is clearly still much to be
learned about female decision making.
Studies of mate choice in anuran amphibians have shown
female preference for a wide range of male acoustic and
morphological traits. Females of many species often show a
preference for call properties that involve higher energy
expenditure, with males with faster call rates, higher call
intensities and low frequencies calls having greater mating success
[4,5,6,7]. Morphological traits such as body size and condition,
nuptial pad size and colouration have also been shown to be
important in mate selection [8,9,10]. Females however, may use
multiple traits that convey information on different aspects of a
male’s fitness or gives an indication of male fitness over a range of
traits [11,12]. For example, Taylor et al. [11] showed that female
squirrel tree frogs, Hyla squirella, show a strong preference for both
call frequency and males with a large lateral body stripe, while
female Tu´ngara frogs (Physalaemus pustulosus) show a preference for
male calls that are accompanied by a video playback of a calling
male with vocal sac inflation [13]. Thus, females may base their
choice on multiple complex traits, but few studies have shown if
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this preference leads to an increase in reproductive success and/
or offspring fitness [8].
An increasing number of studies have shown that polyandry and
sperm competition are much more prevalent among amphibians
than previously thought [14,15,16,17,18,19,20]. Females are
thought to gain indirect genetic benefits from polyandry and a
number of studies have shown both good genes and genetic
compatibility effects on fertilization success and offspring fitness
[14,18,21,22]. For example, in the polyandrous quacking frog,
Crinia georgiana, studies have shown significant male 6 female
interaction effects on fertilization success and offspring fitness such
as embryo survival and survival to metamorphosis [18], while in
the Australian tree frog, Litoria peronii, both genetic relatedness and
intrinsic male quality can influence fertilization success in sperm
competition [21,22]. Thus the reproductive success of males and
females are not only influenced by choices made before
copulation, but also by processes operating after copulation such
as sperm competition and gamete recognition systems.
The Moor frog Rana arvalis is an explosive breeder forming
large leks during the spring breeding season [23,24]. As in many
amphibians, the operational sex ratio on any given night is
highly skewed towards males, with genetic analysis of natural
clutches revealing multiple paternity in 14% to 29% of clutches
[20]. This suggests that sperm competition, through multiple
mating or sperm leakage, plays an important role in the mating
system of this species. The current study set out to test the
importance of a number of male traits on female mate choice
and subsequent in vitro fertilization success in R. arvalis. Firstly, we
tested pre-copulatory female choice for males of two different
size classes. Secondly, our recent research on other amphibians
have demonstrated effects of genetic similarity on fertilization
success in sperm competition [22], and male innate fertilization
ability [21]. Therefore, we also include these post-copulatory
aspects in our analysis of female mate choice, along with male
arm length and thumb length which are known to be sexually
selected traits in male-male competition and male-female
amplexus [10,25].
Results
Female pre-copulatory mate choice
Thirteen females showed a preference for the smaller male
while the remaining six showed a preference for the larger male,
however this trend was not statistically significant (one tailed
binomial test P=0.084).Our logistic regression showed that the
only significant predictor of female mate choice was intrinsic male
siring success in controls (log likelihood ratio test, X2 = 13.0,
P,0.001, df =1), followed by a non-significant difference in
thumb length (X2 = 3.4, P=0.07, df =1).
Male siring success in sperm competition
Relative siring success of males in competitive fertilizations
ranged from 0–100% (mean = 51%66% SE), while intrinsic
fertilization success in the controls varied from ,1% up to 100%
(mean = 57%65% SE). The multiple regression analysis ex-
plained 71% of the variation in the difference in siring success
between the two males (final model: r2 = 0.71, F=22.6,
P,0.0001) with the only two remaining, significant predictors
(after backward elimination) being the difference in innate
fertilization success (control fertilizations) (b=1.36, 60.29 SE, F
2, 20 = 21.2, P=0.0002; Figure 1A) and the difference in thumb
length (b=20.28, 60.09 SE, F 2, 20 = 9.30, P=0.007;
Figure 1B).The difference in body mass was non-significant
(P=0.87), and we therefore did not control for body mass in the
final analysis (residuals from a thumb length – snout-vent length
regression was equally significant as thumb length itself). These
predictors remain significant when controlling for multiple tests
(sequential Bonferroni) [26].
Hatching success
Overall hatching success of fertilized eggs was high with on
average 82% (63% SE) of fertilized eggs hatching. Relative
hatching success in controls was only significantly predicted by the
difference in thumb length between males (b=20.20, 60.05 SE,
final model: R2 = 0.61, F2, 20 = 17.7, P=0.0012; Figure 2). Neither
difference in fertilization success (F=1.06, P=0.32) nor male size
(F=0.34, P=0.57) were significant predictors in this multiple
regression. This trait is significant when controlling for multiple
tests (sequential Bonferroni) [26].
Male traits and sperm quality
Sperm viability was relatively high across males with on average
91% (61% SE) sperm within males ejaculates viable. The
proportion of live sperm was uncorrelated with male morpholog-
ical traits (P.0.30 for all traits). Thumb length showed a
significant non-linear relationship with male snout-vent length,
tapering off with increasing male body length (and age). Fitting the
quadratic equation thumb length =2142.8+5.6 (svl) - 0.053 (svl)2
increases R2 from 0.19 to 0.34 compared to a linear relationship
(polynomial F2, 27 = 7.0, P=0.004; Figure 3).
Discussion
Our study shows that male size per se did not significantly
explain female mate preference, however intrinsic male siring
success did. Females associate with males that have greater
fertilization abilities but it remains unclear which traits females
are using to detect this. There are a number of traits that were
unmeasured in this study that have been shown to be used by
discerning females such as call rate and call intensity [4,5,6,7].
Longer thumbs just fell short of being significantly non-
preferred by females and interestingly, we found that thumb
size is a significant indicator of fertilization failure, with
relatively longer thumbed males siring fewer offspring and the
offspring that they did sire survived less well through early
ontogeny. Thumb length is important for successful amplexus
and has been shown to be under sexual selection in anuran
amphibians [10,25]. A positive relationship between male
nuptial pad size and success in amplexing females has been
shown for the Columbia Spotted Frogs (Rana luteiventris) [10].
However, the non-linear relationship between thumb length and
body length in this study may capture some aspect of ageing;
although there are two large (old) males with relatively short
thumbs (Figure 3), most long-thumbed males are still the largest
ones in terms of body size and most likely to be the oldest. The
age-body size relationship of amphibians is well established
[27,28,29,30], and a negative relationship between sperm
viability and male body size has been reported for the quacking
frog C. georgiana, which may be a function of age or an
alternative tactic of differential investment in spermatozoa by
smaller-sized males [31]. Although we didn’t detect any effect of
SVL on fertilization success, if thumb length increases
allometrically with age more than with body size, then this
may explain its unexpected predictive power of fertilization
success, via age-related DNA damage of spermatozoa that
compromise fertilization. Alternatively, females may have
chosen males based on some other unmeasured trait, such as
call rate or call intensity which may be indicative of male age or
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male quality. DNA damaged sperm have been shown to have
age-related effects in other taxa such as mice, bulls and humans
[32,33,34], but further experimental work is needed to directly
test if any relationship exists between age-related effects on
sperm quality and fertilization success in amphibians.
In summary, we show that females prefer males that have high
fertilization success. The only trait that we could link to high
fertilization failure was relatively long thumbs in males (which just
fell short of being significantly non-preferred in females). Long-
thumbed males not only sired less offspring in competition with
another male, but the offspring that they did sire also survived less
well in early ontogeny. This work encourages more in-depth
analysis of age-related male effects on sperm and DNA quality.
Materials and Methods
Collection of experimental animals
We collected adult frogs (Rana arvalis) from a single population at
Viskafors, Sweden. Frogs were weighed (nearest 0.1 g), snout vent
length (SVL) measured (nearest mm), and males assigned to one of
two size categories, large (SVL .52 mm) or small (SVL
,50 mm). While size is not a dichotomous trait in this species,
the two size classes were chosen to increase the probability of
detecting any size effects on female choice. Animals were held and
experiments carried out at the University of Gothenburg. As
required by the University of Gothenburg, ethics approval for the
handling and housing of animals, and permission for the collection
Figure 1. The relationship between the differential siring success of males in sperm competition and (A) their differential
fertilization success in controls (F 2, 20 = 21.2, P=0.0002) and (B) their differential thumb length (F 2, 20 = 9.30, P=0.007).
doi:10.1371/journal.pone.0013634.g001
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of animals, were sought and received by the Swedish central
animal ethics committee (Permit 85-2005) and the Djurskddsmyn-
digheten (85-2005 which is a continuation of 326-2002).
Female pre-copulatory mate choice: Experimental design
For each mate choice trial a large and small male were
randomly selected and placed in a plastic container with clear
mesh sides. Containers were then placed at opposite corners of a
larger mate choice arena (120 cm680 cm) filled with aged water
(3 cm deep). A randomly selected female was placed equidistant
between the two males and left for eight hours with no
observations made during this period. We waited for this
extended period before assessing mate choice so that all
individuals could acclimatize to the mate choice arena, and so
that females had sufficient time to assess males before making a
choice. Females were scored after the eight hour period as
having chosen a male if she was observed in a males quadrant.
Females located in either of the two neutral quadrants were
scored as not having shown a preference (Figure 4). A total of 22
mate choice trials were carried out and males or females were
used only once. However, for three of these trials, females
escaped from the mate choice arena and no data were recorded.
For the remaining 19 trials, females were found in one of the two
male’s quadrants and no females were found within the neutral
quadrants indicating that females were preferentially associating
with one of the males.
Figure 2. Relationship between the differential hatching success ofmales in controls and their differential thumb length (F2, 20 =17.7,
P=0.0012).
doi:10.1371/journal.pone.0013634.g002
Figure 3. Relationship between thumb length and snout-vent length.
doi:10.1371/journal.pone.0013634.g003
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Fertilization and sperm competition experiments
The males and the female used in the mate choice trials were
also used for subsequent fertilization and sperm competition
experiments. We followed the protocol for artificial fertilization
outlined in Sherman et al. [21,22,35]. The frogs were injected with
approximately 150 ml per 10 g body weight of a 5 mg/100 ml
luteinizing hormone releasing hormone (LHRH) in isotonic saline
solution (0.9% NaCl). This induces ovulation within 24 h and
sperm shedding within 1 h of injection in females and males,
respectively. LHRH is now widely used to obtain viable sperm for
experimentation without sacrificing study animals and has
previously been used in this species to achieve high fertilization
rates [36,37]. The presence of viable sperm was confirmed by
observation under a microscope at 2006 magnification. Males
were injected within two minutes of each other to ensure that
longevity of sperm did not confound our experiments. The
amount of sperm released by each male was determined using a
Hawksley haemocytometer and varied from 9.16106 to 6.46105
sperm per ml. All sperm samples were diluted to equal
concentrations (56105 sperm cells per ml) for use in the
fertilization trials [38]. The proportion of viable sperm within
each male’s ejaculate was determined at the time of fertilization
using Live/DeadH sperm viability kits (Molecular Probes)[39] and
all sperm were used within the 1 h period after injection with
LHRH. One milliliter of each male’s sperm solution were mixed
together and placed in a Petri dish. A control Petri dish for each
male received sperm from only one male and was used to assess
each male’s ability to fertilize a female’s eggs in the absence of
sperm competition (i.e. non-competitive fertilizations). Eggs were
stripped from each female by gently squeezing her abdomen and
eggs were partitioned into each Petri dish (mean = 7963.9 eggs
per dish). After three hours all eggs were transferred to a 750 ml
container and held at a constant temperature of 20uC until
hatching. Hatching success was determined as the number of
tadpoles that successfully hatched from fertilized eggs.
Paternity assignment
A total of 25–30 tadpoles per sperm competition trial (mean per
trial 6 SE, 25.460.84) were collected for the assignment of
paternity. A toe clip from each adult was used for DNA extraction
and the assignment of paternity. Genomic DNA was isolated using
Qiagen DNAeasy Tissue Kit as per the manufactures instructions.
Six microsatellite loci were used to assign paternity; RA11, RA13,
RA14 (Sagvik unpublished data, Genbank Accsssion numbers:
EU871712, EU871713 & EU871714); RlaCa41 [40] and WRA6-
8 WRA1-22 [41]. Paternity was unambiguously assigned to all
offspring (381 tadpoles) according to allele sharing between
putative sires, dam and offspring. Genetic similarity among
individuals was determined as the proportion shared alleles and
calculated using GenAlex (V6) [42].
Statistical analysis
(i) Female pre-copulatory mate choice. We performed a
logistic regression (SAS, 9.1; Proc Logistic, binary logit link
function) with choice of small male (1 = chosen, 0= not chosen) as
response variable, male difference in mass, arm length, thumb
length and male difference in siring success in sperm competition
as predictors. Predictor variables were backwards-eliminated at
P,0.25. The significance of predictors were tested using log
likelihood ratio tests.
(ii) Male siring success in sperm competition. We
performed a multiple regression analysis with the difference in
male siring success in sperm competition as the response variable,
and the same set of predictors as described above (i). Difference in
sperm viability between competing males was also included as an
additional predictor in the model.
(iii) Hatching success. In this analysis we performed a
multiple regression with the hatching success in controls. Again,
we used the same set of predictors as described above (i) and (ii).
(iv) Male traits and sperm quality. In order to assess
covariation between morphological traits and sperm quality, we
looked for correlations between sperm viability and morphology
traits (mass, arm length, thumb length).
(v) Genetic Similarity. Our index of genetic similarity was
entered into the models above but was consistently non-significant
and is not further reported on (P.0.25).
Author Contributions
Conceived and designed the experiments: CDHS MO. Performed the
experiments: CDHS JS. Analyzed the data: CDHS MO. Contributed
reagents/materials/analysis tools: JS MO. Wrote the paper: CDHS JS
MO.
References
1. Andersson M (1994) Sexual Selection. Princeton Princeton University Press.
2. Sheldon BC, Andersson S, Griffith SC, Ornborg J, Sendecka J (1999) Ultraviolet
colour variation influences blue tit sex ratios. Nature 402: 874–877.
3. Pryke SR, Griffith SC (2009) Postzygotic genetic incompatibility between
sympatric color morphs. Evolution 63: 793–798.
4. Welch AM, Semlitsch RD, Gerhardt HC (1998) Call duration as an indicator of
genetic quality in male gray tree frogs. Science 280: 1928–1930.
5. Ryan MJ (1992) The Tungara Frog: A Study in Sexual Selection and
Communication. Chicago: University Of Chicago Press.
6. Arak A (1988) Female mate selection in the natterjack toad - active choice or
passive attraction. Behavioral Ecology and Sociobiology 22: 317–327.
7. Bosch J, Marquez R (2001) Call timing in male-male acoustical interactions and
female choice in the midwife toad Alytes obstetricans. Copeia. pp 169–177.
8. Hettyey A, Herczeg G, Laurila A, Crochet PA, Merila J (2009) Body
temperature, size, nuptial colouration and mating success in male Moor Frogs
(Rana arvalis). Amphibia-Reptilia 30: 37–43.
9. Morrison C, Hero JM, Smith WP (2001) Mate selection in Litoria chloris and
Litoria xanthomera: Females prefer smaller males. Austral Ecology 26: 223–232.
10. Greene AE, Funk WC (2009) Sexual Selection on Morphology in an Explosive
Breeding Amphibian, the Columbia Spotted Frog (Rana luteiventris). Journal of
Herpetology 43: 244–251.
11. Taylor RC, Buchanan BW, Doherty JL (2007) Sexual selection in the squirrel
treefrog Hyla squirella: the role of multimodal cue assessment in female choice.
Animal Behaviour 74: 1753–1763.
12. Vasquez T, Pfennig KS (2007) Looking on the bright side: females prefer
coloration indicative of male size and condition in the sexually dichromatic
Figure 4. Diagrammatic representation of the arena used in
mate choice trials.
doi:10.1371/journal.pone.0013634.g004
Female Choice in Rana arvalis
PLoS ONE | www.plosone.org 5 October 2010 | Volume 5 | Issue 10 | e13634
spadefoot toad, Scaphiopus couchii. Behavioral Ecology and Sociobiology 62:
127–135.
13. Rosenthal GG, Rand AS, Ryan MJ (2004) The vocal sac as a visual cue in
anuran communication: an experimental analysis using video playback. Animal
Behaviour 68: 55–58.
14. Chandler CH, Zamudio KR (2008) Reproductive success by large, closely
related males facilitated by sperm storage in an aggregate breeding amphibian.
Molecular Ecology 17: 1564–1576.
15. Kupfer A, Wilkinson M, Gower DJ, Muller H, Jehle R (2008) Care and
parentage in a skin-feeding caecilian amphibian. Journal of Experimental
Zoology Part a-Ecological Genetics and Physiology 309A: 460–467.
16. Vieites DR, Nieto-Roman S, Barluenga M, Palanca A, Vences M, et al. (2004)
Post-mating clutch piracy in an amphibian. Nature 431: 305–308.
17. Byrne PG, Roberts JD (2000) Does multiple paternity improve fitness of the frog
Crinia georgiana? Evolution 54: 968–973.
18. Dziminski MA, Roberts JD, Simmons LW (2008) Fitness consequences of
parental compatibility in the frog Crinia georgiana. Evolution 62: 879–886.
19. Hettyey A, Roberts JD (2006) Sperm traits of the quacking frog, Crinia georgiana:
intra- and interpopulation variation in a species with a high risk of sperm
competition. Behavioral Ecology and Sociobiology 59: 389–396.
20. Knopp T, Merila J (2009) Multiple paternity in the moor frog, Rana arvalis.
Amphibia-Reptilia 30: 515–521.
21. Sherman CDH, Wapstra E, Olsson M (2009) Consistent male–male paternity
differences across female genotypes. Biology Letters 5: 232–234.
22. Sherman CDH, Wapstra E, Uller T, Olsson M (2008) Males with high genetic
similarity to females sire more offspring in sperm competition in Peron’s tree frog
Litoria peronii. Proceedings of the Royal Society B: Biological Sciences 275:
971–978.
23. Fog K, Schmedes A, Rosenørn-de Lasson D (1997) Nordens Padder og
Krybdyr. Copenhagen.
24. Knopp T, Heimovirta M, Kokko H, Merila J (2008) Do male moor frogs (Rana
arvalis) lek with kin? Molecular Ecology 17: 2522–2530.
25. Lee JC, Correales AD (2002) Sexual dimorphism in hind-limb muscle mass is
associated with male reproductive success in Bufo marinus. Journal of Herpetology
36: 502–505.
26. Rice W (1989) Analyzing tables of statistical tests. Evolution 43: 223–225.
27. Barbault R, Castanet J, Pilorge T (1980) On the use of skeletochronology in
demographic-studies of amphibian and lizard populations. Bulletin De La
Societe Zoologique De France-Evolution Et Zoologie 105: 347–354.
28. Eden CJ, Whiteman HH, Duobinis-Gray L, Wissinger SA (2007) Accuracy
assessment of skeletochronology in the Arizona Tiger Salamander (Ambystoma
tigrinum nebulosum). Copeia. pp 471–477.
29. Marangoni F, Schaefer E, Cajade R, Tejedo M (2009) Growth-Mark Formation
and Chronology of Two Neotropical Anuran Species. Journal of Herpetology
43: 546–550.
30. Morrison C, Hero JM, Browning J (2004) Altitudinal variation in the age at
maturity, longevity, and reproductive lifespan of anurans in subtropical
queensland. Herpetologica 60: 34–44.
31. Dziminski MA, Roberts JD, Simmons LW (2010) Sperm morphology, motility
and fertilisation capacity in the myobatrachid frog Crinia georgiana.
Reproduction Fertility and Development 22: 516–522.
32. Cho C, Jung-Ha H, Willis WD, Goulding EH, Stein P, et al. (2003) Protamine 2
Deficiency Leads to Sperm DNA Damage and Embryo Death in Mice. Biol
Reprod 69: 211–217.
33. Zini A, Libman J (2006) Sperm DNA damage: clinical significance in the era of
assisted reproduction. CMAJ 175: 495–500.
34. Fatehi AN, Bevers MM, Schoevers E, Roelen BAJ, Colenbrander B, et al. (2006)
DNA Damage in Bovine Sperm Does Not Block Fertilization and Early
Embryonic Development But Induces Apoptosis After the First Cleavages.
J Androl 27: 176–188.
35. Sherman CDH, Wapstra E, Uller T, Olsson M (2008) Male and female effects
on fertilization success and offspring viability in the Peron’s tree frog, Litoria
peronii. Austral Ecology 33: 348–352.
36. Sagvik J, Uller T, Stenlund T, Olsson M (2008) Intraspecific variation in
resistance of frog eggs to fungal infection. Evolutionary Ecology 22: 193–201.
37. Uller T, Sagvik J, Olsson M (2006) Crosses between frog populations reveal
genetic divergence in larval life history at short geographical distance. Biological
Journal of the Linnean Society 89: 189–195.
38. Sherman CDH, Wapstra E, Olsson M (2009) Consistent paternity skew through
ontogeny in Peron’s tree frog (Litoria peronii). Plos One 4: e8252.
39. Sherman CDH, Uller T, Wapstra E, Olsson M (2008) Within-population
variation in ejaculate characteristics in a prolonged breeder, Peron’s tree frog,
Litoria peronii. Naturwissenschaften 95: 1055–1061.
40. Garner T, Tomio G (2001) Microsatellites for use in studies of the Italian Agile
Frog, Rana latastei (Boulenger). Conservation Genetics 2: 77–80.
41. Knopp T, Cano JM, Crochet PA, Marila J (2007) Contrasting levels of variation
in neutral and quantitative genetic loci on island populations of moor frogs
(Rana arvalis). Conservation Genetics 8: 45–56.
42. Peakall R, Smouse PE (2006) GenAlEx 6: genetic analysis in Excel. Population
genetic software for teaching and research. Molecular Ecology Notes 6:
288–295.
Female Choice in Rana arvalis
PLoS ONE | www.plosone.org 6 October 2010 | Volume 5 | Issue 10 | e13634
